
23APPLICATIONS CENTER..(U) NORTH CAROLINA BIOTECHNOLOGY

CENTER RESEARCH TRIANGLE PARK R D DEREHAN ET AL.
WIMCLESSIFIED 29 DEC 691 NRM14-64-C-0163 F/0 6/1 M

m MEmhhhh



1.0 1

nil "
,ii 1 l111

k -'

p.,.
N ,' ,.

',. s ...

.%.

5*,p .. "

>." "', ', . ' '% ," "o "v ~e, 'p " v,, .-'.s , ''- ",
"
" ,, ' ,r - , ," r, r • , , . . . . . -. . "5 % -



SEUwT N.J RETRCTV MARKINGS

2b ICLASSICTO/ONWN SCHDUL

M MIN OR ANIZATI1 90R 923E(S S. MOITRINUGIOGNIZVAIO REPORTNUERS

B FR 1287

6& NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION
North Carolina I(if appkak.N)
Biotechno logy Center Office of Naval-Research

6c_ ADDRESS (City. Stt, and zip co*e) 7b ADDRESS (City, State, and zip code) *,'

PO Box 13547 800 Quincy St. .1
Research Triangle Park, N C 27709 Arlington, VA 22217-5000

Sa. NAME OF FUNDING/SPONSORING I Sb OFFICE SYMBOL 9 PROCUREMENT INSTRUMt NT IDENTIFICATION NUMBER

Office ofNaval Research N00014-84-C-0183

&. ADDRESS (City, State, and zip code) 10 SOURCE OF FUNDING NUMBERS

800 N Quincy Street PROGRAM PROJECT ITASK jWORK UNIT
Arlngon V 221-500ELEMENT NO NO INO ACCESSION NO

1 1,LE (include Security Classufication)

(UfNorth Carolina Biomolecuiar Engineering And Materials Applications
Center (NC-BEMAC) Final Report

12 PERSONAL AUTHOR(S) Ber ema n,R. D. (N CSU) C re nsh ;iw, . A. (UN ; r uin bIi ss , A. I_. Uu K6
Henkens, R W. (Duke) ;Ril leman, 1).D. (UNCC); Siedow, 3 N .(Duke) "I -r , 1). T .QUNC)
13a TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (YearMonth EOay) 15 PAGE COUNT

Final FRM//hT 03/7 1987, Dec. 2921
16 SUPFLEMEN-ARY NOTATION.

V
17COSATI CODES 18 SUBJECT TERMS (Continue on reverse if necesjr and oin~yb 18k number) ~ i

CROUP SUB-GPOUP -'Bi TItr 1 ,LIZ 10Iml)iIdenyb *g
A ctL var i i i,'I I.e c t r o t -I Iv,,i o aI sta 1y ,

Bi 'itl il nra Iliz ' lt on AW- N.
19 ARSTRACT (Coiritnue on reverse it necessary. and .dentify by bNock number)

JAN 2 0 138

20 OISTRf th ('1. AV,( s. OF AeSTkA( T 21 ABSTRACT SECURITY CLASSJ;(4,TiCN
IF E)LA /,I Ji y E D 0: SAM- AS R P D T.C u E RS %

22a h~l/F 0O RESPON'..-A N:)I ,DUAL 22b TELEPJ ONI (Include Area Cod.) .2 OFFICE SYN30L %.?
Dr. K] i 1 1 02 / 09o-4()3') 1 ONE %

DD FORM 14713, ~Na4 ; 83 APR ed tior miay t* wd until exauued SE URlTY CLA,'ICCA1O!'N O THI-S PACFEN
Ail,tlher ec'v, are mtjo-ele-__ _____

88 12 16 8



-- -47 7. 7..- .. .

NORTH CAROLINA BIOMOLECULAR ENGINEERING AND
MATERIALS APPLICATIONS CENTER (NC-BEMAC)

FINAL REPORT
TO

OFFICE OF NAVAL RESEARCH
DECEMBER, 1987

Acessin For

NTIS UFPA I

a- lTIC7 TA>

[.'4

,I*& V

Pv

DI

%Dts i 4,.. -



-~~~ ~ P % -a a- - .

ika,

~The overall objective of this program was to initiate a
multi-disciplinary and multi-institutional research program
involving the innovative application of biotechnology to
materials science problems.%

1.2 Significant Accomplishments

Fundamental research on the activation of CO by carbonic
anhydrase modified by the substitution of cobalt(fI) for zinc in
the enzyme demonstrates th,it rapid conversion of C02 to HCO3
occurs in the active site adjacent to the metal and that the
catalytically dctive HCO3 is coordinated to the cobalt.

Tec-hniques; f the imrol ilIi:'at ion and activity
charactori.'at,.in bcvine catiboni.- anyhdrase on porous silica
beads ind qraph ito .,ds hatve ket&_T i,.-vcloped. The enzyme
immobilizeed on por.)us iilicri Leadls m-aintains catalytic activity
in nearly tnxhydrou,; orcj 'n c Ivent ;. we have also produced
polyclcunal (rabbit) and monoclonil Mrine) antibodies to
carhnnio- inyhdraso for en.'vme imrnot 1 li;,,tioni appl ications.

W,- have succossfully prept-, -rd -ind characterized several low
moleculir weightt comrulexe,; _,oiitaiininq low valent transition
metail!s which haive potential 1(,r binding and activating small,
bic Iog i,-a 1 y, relovant mcli --u Io!. ul ti nuclear variable
terpe rit ure NMI< has been S c;tlIyutilized to study the
solut ik e dyntr ics ot these cull ctxv-

Tlot r, % a.,, 1 14 ] nnul ene met-.i I comlex-.; were d(- signed arid
p .a e : h buIIbeeIotr 1mr '.( on an el~ectrode

,;jrf ace. Ni(.kel(IIj complexes ()t these polymerized macrocycler
c eus. *d t, t ect ron icall y ret.tc- CD,) to a IC03.

Th- ni-kel(,-containinq cofaictor (.3)of the enzyme involved%
i.n the f inal !step of CO reduct io n in mothanoqenic bacteria has
been chairacterized ele,_ rochemically and looked at for
Lnteraction with its substrate (CII3 CoM) anid subs-trate analogs.
The analysis indicated no Frpecitic- interaction durinq elIect ra-
-atalytic turnover.

A potyan ionic sul1taited gl ycoprote in was is-rI ated ,ram:: i
'illucnshell, combined with vai i our pa1 ymer is sidbs-t rite, i

f ound to induce mineral i za tion at the iote r taco, with i:i aquec~u-
olution. The minerals clef ined included variou:. farms, of al uricii

* arbonate anid of calcium pho!sphaxit(. Ini or icr tt- iduco bu 1 V
miineralizati on, st---- hydrogel s were preired .)nd se--ed w it h a
calcium phosphate microphase anid further (Extens-ive mi1ra0i 11 o
.va s ach ieved th roughout the ma tecr i a I.

IN,
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2.0 BIOCATALYTIC ACTIVATION OF CARBON DIOXIDE.

2.1 Original objectives

An original objective was to study the binding and
activation of CO2 by Co(II) substituted carbonic anyhdrase. This
is a modified enzyme in which the zinc in the enzyme has been
replaced with cobalt(II). A further objective was to investigate
Co2 activation by low molecular weight transition metal complexes
as 2model systems for biocatalytic CO2 activation.

2.2 Progress Made

2.2.1 Activation of CO2 by a Modified Enzyme

NMP results on cobalt(IT) substituted carbonic anyhdra-;e
(CA) suggest that catilytically active HCO3 is associatedi with
tetracoordinate ColII) in the active site and that the
di ssociat ion rate con-,tant of HCO- is only about. 2. 5 timle:; the
Overall (Y) 2  -rHOecag rt ostalit, kcat ex.- We have

alIso ,(iet.ernmined changeis in catalIyfsis and ineta t binding during 1
* protein folding and measured intracellular rates of C0 2 hydration

u:-in'J nitive CA.

2.2.2 Preparation and Characterization of Low Molecular Weight
Metal Complexes as Potential Models for IBio-Catalytic
Processes.

A number of transit ion met~~il oom~pi cxe; hive been prepa red
an. cha ratreri zed which csin act if- active f-i t- model--. for enzyniu
cit i yei 1orect ions. Cairbon 11(ox ide actijvit ion stud ies were
ii;iit i it ad w-.ith i series af rhodii-i(l1) ho hin coimp I xe:; -

Ev i'nelor Co., activat ion by bI ccoci-IK- o: ,--i

* cl~i ihki um( I) tt rafluorohor-at,? lb(J 't(' 1 QD)I~(I~

wi: ot ai e Ihilt the na ture of t, liec. i vation a n~l i iit ei-ned ia t s
tt'Iwtere_ not completelIy c uc ii ted . flu r inq the con rfse of th is

iiiW.. u.t.ii 1ti in :Q.vera 1 new rhod iuti(lI) phosphi ne ('oimpi e>e-- were

svn lt;;i;'.dind their sol1ution lyjiim is:; invest iated.

~'ieo Al --t ate : ;tr-titure of11 0i0ycoCt- I, ')-(Ii 7e

ci; i-hod~iuvi( ) t-t ralluor ()rat.e (1) Id(,l1)I -nl[ )* a;
-I T ) am i if - x -ay ci Ifri t a . Iwo( (1 1 p~hosp 11(" t)' g 111n . 1 r idcqe

*to 1h 1) 1 itm t o I arni I l x-inll cr Ph; ,' i:i it4  St, ructl re illi a

ti' rp r.!t tire b P :;.ptctia ) e:.;lih it ('I ute i st i , I I Ii fl

* iversion equt.ilibrium with G1 r 1,1.(1(0.2) k(i/mi. 'mpuitei
31 1 2*11

Si mu I & ion of the P 11 1*MP spec'(trum was used to0 IaIyZ(e t lie .

Jiterr nuclear co)upt incjs- o)I h!e AA'A A' ...XX' pa-iltin (A 3P 1
1 TIh h-e hr iig i n dlph0 li ino, i ([inf; IS ( h ilsti(1d

()ft Io thIt tl~lins olel in:carbon t m: o (A I * - ill (I) whokl.
ll rite nI.11.1ho p (ilpc
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Conformational barriers in cis-phosphine complexes of twfo
pairs of isomeric ligands (fh(COD)(L)2+, L = anti- or syn-9-
phenyl-phosphabicyclo(4.2.l]nonia-2,4,7-triene (1 or 2) or L

anti orsynD-9-phienyl-phosphatricyclo(4.2 2bnn-.Oe 3o

4)) were studied by vaibetmprtr 1, P and ~if NMR
spectroscopy. Conformational barriers result from interligatnd
steric interactions encountered during Rh-P bond rotations.
These barriers arc quite sensitive to individual liqand
strUCture, with L : I or 3 exhibiting no conformation al
preference within the temperature range studied. The symmetric.;
of the I ow-energy conformations tor L - 2 or 4 were ass io-neil by
"on- i der ing the chanige in the ir chem ica I environmitents. 'The i r

.. onf -ormer populations, were determined by the ir Il and IINMR
-,pectra (1 L 4) and 1 3 C rmR spectrai (1, 2) [Di fferences between
the low-enerqy conf ormat ions for compl exes with 1, and L '
,ire due to different I icjand dImensi;on! -

The hyd rollenat ion and is;om-er i zat ion of 1 -hexene
hVI(q T~(1,I (at'I vzed by P~(0 ).); l h) 3, 3,4) .. (re

investiglt 'd ill ace, ')n'' s-olvenit in ovl to ss :; th'. 1 fI I IeC4~t
atf i er c('ood i t 1 1 :;h1 ;ter i c cro)wJ i ng on c I 'm i (-,t I
reac(t iv it y. The reIit i v' i nit i,i Ird'ts o)f (%ital',Ie
hydroqcen~i i on ()f I YOO(, (n ire I:'/ .,: I t7 or I P= ( 11h) i, , arlid -1
re,;pectiv y 'I he, ritce of isom'-izat ion of I -he:x:on4 I as ter
lor i Rh(U'oP) ( 3) 2' tit Iy zrd re, ict i on t hin I o)r i PI i'V ~
.ata Iyzei! reaiction. The difference inr hydro'jenat ion ici.

fsreii 15 ae or Ph (COD) ( I~2 I, m d Rh ( 'O1)) ()2 'it-a I 7 zod
reict ion I- '( lisiis;m in term:;- of I ke qre-tter it-j-'i -I-.r'wI inF,

e I IIrt * i ri i lat i oni rh, I I of t hei(' it 1 1: i nI t It '

.. :j 1 :11yt ihol ph iand 4 a

i~~ to:. 1ii1!;4r7  1 "Mll ri cht~

I . . . K t 'e I I I I (,,)! I : -l . 1 't . '

r, I I- C,:l..-

A l 1 110 1 '1

l~l( :;t it i m I e

q n Irlip

!: I:Tdo :11!.~W lu ll- o . VV Vl .'. . '-'

t' In(!r~ 1(4 P - co i'1pI d i(
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3.0 ENZYME IMMOBILIZATION

3.1 Original Objectives

1) To immobilize a model enzyme (carbonic anyhdrase) on
various supports and determine surface coveraqe, stability, and
activity of immobilized enzyme in both aqueous and non-aqueOUL;
media.

2) To develop antibodies to carbonic anyhdrase lor use in %
enzyme immobi izat ion.

3.2 Progress Made

3.2.1 Preparation and Activity of Bovine Carbonic Anyhdrase
Immobilized on Porous Silica Beads (CPG) and Graphite

Techni quo,; for tho rnimmobilization of bovine (:-}ionic
an 'ydrase (1ICA) on porot .ili (,i beads and graphit, ha'..' been
levoloped. lur-!ai(c , r'ov riqo( ()fn porous silica bead:, w f: tound tk
he 1.5 x 10' mol tCA/n tr' and on graphite 1.7 : 1(0 inmol
BCA/meter' norinal ::urfa ari'a Greater than 9/: :. lea
:;uppo -t) and " '. (,-ra phit. ;upport) enzyme activity wa,:;
na intiined niFN n st r,ge, f t he imniobi 1 czedi enzyme t,'r !,0 day:; ii
pl 8 butler ,It 4°C. Alft''- ,i M dlys .torage, the p(;!ou:: siI i'I
bei, immcbj ii:',d eiv'ym, .hibit (I over 70-. activitv. ()perat l'N,,1

.t'll)iIity , h,, eii' , ' . at 23 0 C and pl! . ',s Ioun, I
DC' '1, altter Id,-v;

C'at.II t I It, t x ~;s . Ia a!" a prer -<o!I I orI
rat,, .'ofl..t i t 1* 1' ': -y ;i:, o ' -n i !c- : ,n I . .

-- ., -d oi Ii ', 1: t:I. .. . .
I t ' '1 . l- v x It ,, i . I t l , . . . : ;

ID , . 1, ' 1r -l - ' I v ,I '- ,, i m mocli 1i . ,t .0 "':, . ..

,.o try tit. '. !.' . ,it tthe 1,:t iv : I
,t, ': :: I J,, ,t,: .: *: :; iii,, dl on P'i!4 1b t, :;i4 h

*':-: in;l, : ,,a,~i.: ' .' ' ' 1 1% het m:ll l~-, i )n v r1 ? /,, u', 1 t ,I

or'' i- :, ~ - 0 : ,: I i'.' ,, iI , i i Inv ,, i i , idt dI DI I; : ',

I " V t I I I' .I . o' I , , . l *t I )1 V t '

It+ I . 'l' , i . ', 'ic, I r. , u < , : i
%.

V'



3.2.2 Catalytic Activity of Immobilized Bovine Carbonic
Anyhdrase in Mixed Aqueous/organic Media

The catalytic activity of bovine carbonic anyhdrase (BCA)
immobilized on porous silica beads was determined in aqueous
mixtures of ethanediol, acetonitrile, and dichloromethane.
Enzyme activity was determined in each solvent system as an
apparent second-order rate constant, k'EN4, for the hydrolysis of
p-nitrophenyl acetate (p-NPA) at ph 8, 25 C. Immobilization wi,,
found to enhance the stability and activity of BCA in mixed
solvent media relative to the free enzyme.

3.2.3 Anti-Enzyme Antibodies

To obtain monoclona] anti-carbonic anhydrase (CA)
antibodies, fusions were performed using spleen cells from
immunized mice of the BALB/c and of the RBF/Dn inbred strains.
In both instances hybridomas producinq anti-CA antibodies were
identified and sub:;ehlent ly r lon,!d and subcloned by limiting
dilution. Most o1 the anti-CA monocIonal antibodies produced i)y
these clones were of the I(IM c a:;r; a ilthoucih mice were repeatedly
injected with immunoqen aIi,l (,ave hi jh titors of serum antibody a,
rrfeasured by enzym, immuinoi:;sy. 11,ir,'nt c,_ 11 lines as well a.;
first- and t;econd-jene.-at i )n ,lon,,d (-,I I Iines wore stored froei:
and are being mariltai, ml t -13,%'.

4.0 USE OF BIOMOLEC'JLAR MODELS AS CATALYTIC MEDIATORS ON
ELECTRODE SURFACES

4.1 Original Objectives

ITh,' c',:. , I j. ...... '. .': v i ' , :,.,.:,' , :;tl l,- inorjanu

4.2 Progre-';! Me.de

4.2.1 Synthetic ';tudi#es of Die,,:zotetraaza[14]annulene
Macrocvcle: and Their 'I:.--nsit on Metal Compounds"

.•" .I , \ t- r -i ,'. t . :, ' ). * '* . * (

r . ; ... . .u I . ,,) I ' K, ." I v *:. ' '', it

A ni' r" . i I I . ' . .

Pt ' t

L a.
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The attempted preparation of the tetraphenyl macrocycle via
reaction conditions normally used in the synthesis of
dibenzotetraaza(14]annulenes resulted in the formation of a
diamine adduct of bis(l,3-diphenyl-l,3-propanedionato)-
nickel(II). An earlier report of the synthesis of the
tetraphenyl macrocycle as its iron(III) complex has been shown to
be incorrect. The "iron(III) macrocycle" is a diamine adduct of
an iron(III), 1,3-diketonate. The chemistry of bis(l,3-
diketonato)nickel(II)bis(l,2-diamino-benzene) adducts was briefly
investigated.

The use of an unsymmetric 1,3-diketone in the synethesis of
dibenzotetraaza[14]annulenes raises the possibility of an
isomeric mixture. If one of the diketone substituents is large,
then this substituent may have a controlling influence on the
distribution of the isomers. Ligands prepared from 1-phenyl-l,3-
butanedione and some of its derivatives, as well as a ligand
using 5-methyl-2,4-hexanedione, have been prepared, characterized
and the effect of the bulky substituent examined.

4.2.2. New Macrocyclic Synthesis - Investigations of Template
Mechanisms

The "sterically-crowded" 1igand, 0, 8, 15, 17-tetra-
phenyldibenzo[b,i][1,4,8,ll]tetraazacyclotetraedecene has been
prepared and isolatod as its nickel(II) complex. The reaction it,
tow yield but a usetul amount of produ(ct can be obtained on a
reas.onable (20 mmol) reaction scale. ?hci template reaction
.)roceeds through an iN,N"-(1, 3-propane.-,iiylidene)bis(l, ?-

:,.cn eneliaminato) In ickel (11) intermedi,,te and this specis has
:,,(.r isolated and chharacterizod. The .1Iectrochemistry ol the

., (1 ) nacrocyc ,1, indicates that it does not polymer ize on
" i, ,1e'-troVo.ur t .. The -,,,cond rr,-.rvei-:;ible oxidation, the

.tion ol the cc' i,)nic Pi-iiradical , i:; at a hi qher 1,,)tntiail
,* ot ':;ervtd i. o r '. ,gnds aii, thu dsircd the

, . .... ,i n r(a-, in can 1-, Ivoid(e,(. '7,1" t I igald ha :; 'n
. It I III The ctn,.(i r) .mpl.x , i Xh- 1 ,-1.]tetrenN 1

* r- ' 1 :1:, -:i e .l it i n, 'at i g ;., a c , 1;inat 1i"1
,' .. . :y ,. P jt' . rri:-( ,'v;: , ir n t i :::. t , - i ,. i , l I 1)

• <' : ,>;. ' o, n)',}a l, : - iI O t h,' aor;}' : I 11) :v,.' olt, 2 :ar]<gco~t ". a

h,! iY- 11-. dilcn o:,t t .-,., 14 -- :: fl , iim ,.r of
* 2.:' V ,' IC: 

I 
::i ii cO;I:1':.: V")~ i :Jl; { .,10101 :t ,,trin 'N4  c.

bet t ! u . f:;. i II , thf .il 1'
I: : ' t ' :'  I,'s Ih t " a: C, ; :: : )1, " ,. I, .: . i)t t ,'?: I it

". . 'i I two "h '
I,.. , ,, Nv tw :; tl i nl r.r l .t ,.b ..' t t,'] r , S

S1 , III. ... *t , I' 1 i ( t 1I

C.

V -.
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indicates that the template reaction intermediate is a [N,N'-
(1, 3-propanediylidene)bis(1,2-benzenediaminato) ]nickel (II) cation
analogous to the intermediate observed in the synethesis of Me4 -
and Ph4 -Bzo 2 [14)tetraeneN Ni. Two substituted derivatives of
Me Ph2-Bzo2[14]tetraeneN4Ai were prepared and in each case the
oniy isomer observed was the cis-macrocycle indicating that para-
substituents on derivatives of l-phenyl-l,3-butane-dione have no
effect on the template condensation or the isomers formed in this
reaction. To date, no evidence of trans-Me2 Ph2 -
Bzo 2 [14]tetraeneN 4 has been observed.

The nickel(II) template condensation of 1,2-diamino-benzene
and 5-methyl-2,4-hexanedione was also investigated and this
reaction yields a mixture of isomers. There are no structural
features of the macrocyclic ligand that would allow steric
interactions between the diamino-phenyl rings and the isopropyl
groups to be eliminated thus, there is no sterically preferred
isoemr of Me 2 (i-Pr)2-Bzo 2 [14]-tetraeneN4.

The attempted preparation of the sterically-crowded
macrocycle, Ph4 -Bzo 2 [14]tetraeneN4 Ni, via a template condensation
results in the isolation of the bis(l,2-diaminobenzene)adduct of
bis(i,3-diphenyl-1,3-propane-dionato)nickel(II). Extended refluxof this adduct-does not induce macrocycle formation and thecrystal structure illustrates the steric problems that might be

encountered during macrocycle formation.

When solutions of bis(2,4-pentanedionato)nickel(II)-bis(l,2- 0
diaminobenzene) were refluxed under different conditions, the

macrocyclic yield varied greatly. Although the yield was
greatest in refluxing 1-butanol, the standard literature
procedures use ethanol or methanol. However, in order to achieve
i reasonabl. yie+Ld using 1-butanol, it was necessiry to add
nickel acetite t,) the reaction mixture. It appel- rs that the
added nicl (II) is necessary to prevent ol igermn: ation of th_
nickel(I') 1,3-diketonate once the labile (iiamir ligands hav,-
dissociat od. The macrocyclic yield is the.-:-for. -nhanced if the
formation of the dimeric compound, (l,3-di--.: 'noh, - zene)-tetr+.5:is-
(2,4-p,nt .. neJioti to)-,.in~ckel(II), is m n'' ''or'

B is( I, 2-di; inob(-n:-, ne) adducts of ni , ' 1,
diketonate- are iot macr cyclic intermedia'- r it h r
competin; :,roducts and t!-ey do not provide :f-taThi

alternativ, rout to dio (,,zotetraaza[ '4tanr . . Co i
Little or .o adc';ct fcrm. ion is cbse:-ved lire
pro(ceduro: emplc :ed in -. i.-.,rocvcle oreparati n i '1:1v it
obs;erved a ssocj ites and the cormpcaent piecs :' h:
Adli. t f o !"an or shculd .)t ob:,;erveI in sJtu. -he
concensa-A )n rea :tion is ;low or, is in th( ci.i , 1,in 1,VI
1 , 3 -propiis elio e, comp! o-tely hind.ered.

P . - - % " % t ' "% . %' '% "% """""%-$%.'-; '% ''%.-: '%. '.''-''.' .'",'
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4.2.3 Transition metal complexes of Tetraazaannulene Ligands -
Characterizations

A series of nickel(II) tetraazaannulenes complexes of the N
ligand [Me 4 (RBzo) [14]tetraeneN4 ] shown below, where R = H, CH3 ,
CI, CO 2CH3 , C02 C H7 , and NO, were investigated. The sensitivity
of the complexes to substituents, in terms of their redox and J
spectral properties, was quantitated using the Hammett equation.

A

H3 C

I'
H3 C rpNCH3

The resulting values have been discussed and analogies have been
made between similar studies involving macrocyclic complexes and
metalloporphyrins.

The copper(II) and cobalt(II) complexes, where R = H and R =
C02CH 3, were also examined and comparisons made between the
electrochemical and spectral properties of the corresponding
nickel(II) analogues. The products formed upon electrochemical
oxidation and reduction were studied and identified using ESR and
optical spectroscopy. The interaction of these complexes with
superoxide was examined and the results have been compared to
similar systems including metalloporphyrin superoxide adducts.

In a related study, it was found that nickel(II) and
copper(II) tetraazaannult-ne:; from electroactive polymer films on
electrode surfaces following eletrochemical oXidation. A
systematic study of the physical and chemical properties of the
films formed the nickel(lI) series was carrie,! out using XP,, AA,
and optical spectroscopy. These data indicat-d thil polymeric
films were formed via coupling of ligand radic'ls at the
carbon of the di-iminate iramework. The catalv-'c n::ture of the
nickel(II) filn forriel from the R = H derivatv'. wa.r invest ;iated
by following -,duion Of CC), to HCO) (form.ite, , iti, Izing cy -lc
voltammetric .nd 'C NMR tecfmiqus. The ,a ueus :opner(IJ)

fi~m was also r ]ectioactive and catalyzed 'he *C u('! "on of C,- tD
0 2  . Possib',, re,-I. nisns have bcen discurse -, )a:-,, I on sr 7 -"r
catalytic stu ties ,olvi ng .' i-ra, -e mctif, . 'c:Lr-'s."

4.2.4 Electrochemical Properties of FiJcke -roc'rc'es

The preparation, sp,,ctral pi pert i ,s, ,:r '.d
oh ":eristics of a .ser:es of ni,:kel(l) ' ], :.:ex . ,'as
un',!rtaken. ",lie so -i.s .. on i;tec of t ' ) o e:.., s )1 I '
[' 4 (RBzo) 2 1 [ tet ,'eae:J.]- 1 j -,nc, 'r _ r-a t , , '

., e -.. '¢e .¢ J ¢ J # : J 2 "' .",'." ... ;[ , " " " , " ' S " "
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CO-CH3 , CO2CH2 CH2 CH3 , NO2 . Two irreversible oxidations, E
ana E, 21 , were observed that ranged from 0.39 to 0.82 V aW irom
0.97 t1.34 V vs. SSCE, respectively. A reversible reduction,
El2 was also observed that varied from -1.51 to -1.79 V. The
oxidations compared favorably to the redox behavior of a
copper(II) analogue and the free base ligand, and hence, were
assigned as a ligand based oxidations. The nickel(II) complex (R

CO CH3) was coulometrically reduced by one electron and an ESR
specirum obtained at 77 K. Two g values, g1 = 2.119 (-0.002)
and gL = 2.022 (±0.002), characteristic of a nickel(I) derivative
were obtained. Several intense uv-visible absorptions
characteristic of charge transfer processes were observed. The
bands in the near uv were assigned as intraligand transitions.
The single band in the visible region was unique to the metal
complexes and the energy maximum, V--max, of the band ranged from
17.4 to 16.6kK. Hammett plots of E 41 , E_(2 , El12 ,and max
(kK)vs. 2cr-were linear and had slo)sof o., s0 , and 0.23,
and -0.36, respectively. Plots ofV-rmax (e.V.) vs. E andE1/2
were also linear. On this basis and on the basis ofpti redox
assignments of E_(I) and E,/2 , the visible absorption band was
assigned as ligaf to metal charge transfer.

The electrochemical, spectral, and chemical properties of a
somewhat more limited series of Cu(II) and Co(II)
tetraazaannulene complexes of the ligand
[Me 4 (RBzo)2 [14]tetraeneN 4]2 (R = H, COzCH3) were also
investigated. The copper complexes exhibited two irreversible
oxidation peaks centered at 0.37 and 0.87 V for R = H and at 0.54
and 1.05 V for R = CO2 CH3, whereas the cobalt complexes exhibited
three reversible oxidations at E 0.001, 0.55 and 1.04 V for
R = H and at 0.05, 0.67, and 1.21 V for R = CO 2 CH3 . The E,/2
values for reduction of the copper complexes were -1.39 V for R=
H{ and -1. 17 V for R = CO 2 CH3 , while the analogous cobalt
complexes exhibited reduction peaks at -1.65 V and -1.45 V,
respectively. A plot of the differences in redox potentials
between the first ligand oxidation and metal centered reduction

the energy of the first visible transition was linear,
verifying the LMCT transition assignment. Oxidation of the
cobalt complex (R = H) by controlled potential electrolysis
resulted in a blue absorbance shift from 1.6.8 kK to 18.4 kK after
removal of the first electron and to 18.5 kK after removal of the
!-econd electron. The second oxidation product exhibited an
isotropic ES.R spectrum with g = 2.0027 ( '.0003). Oxidation of
the copper c )mplex R = H) resulted in formation cf a copper(: I)
cimer which rxhibii.,d an ESR signal with (1 2.149 ( +0.002) ind

= 2.045 ( .0002' . Electrolytic reduct on of the copper
complex (R H) re;-Ited in l-ss of the visible absorption band
at 1',.6 kK, 'hera reducton of the coba t anailogue resulted in a
reA ;hift from 16.> to 15.9 tK. The fiv coordinate
Co' ?M 4 (C0 2 CIf, L3zo) 14tetraenN 4 ]py comp ox formed in the
pr.-s*-nc,_! of pyri i-, an!. gave magnet ic t- nsor paraneters of ,j

iv-_(. +.) - 2.021 (0.000'), a:J All = 74.80 (+-0.s)

0 cm- the :;"I)--o>:ie adduct foim-d the pt<:oenc, of , ni

V4'
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pyridine and gave ESR parameters of gll 4= 1.?98 (±0.002), g1
2.086 (±0.00j), A = 8.95 (_t0.5) x 10 - cm and A. = 18.68
(±0.5) x 10- cm-1 . The interaction of the copper complex (R =
H) with 0 - was noted by the fact that the molar absorptivity
doubled at 15.6 kK upon stiochiometric addition of 02- In
addition, 02 was reduced at a more favorable potential at a
surface modified electrode containing a polymer film of
Cu[Me4 Bzo 2 [tetraeneN4 ], which was shifted 70 mV from the observed
for a bare electrode.

4.2.5 Electrochemically Induced Polymerization-Surface Modifed
Electrodes

A series of surface modified electrodes based on the
oxidative electropolymerization of the monomeric complexes,
characterized earlier, Ni[Me4 (RBzo)2 [14]tetraeneN4 ] (R = CH 3 , H,
Cl, CO2 CH3 , CO2 C$H7 , and NO2 ), were examined. The monomers
polymerized to give polymers of the form (Ni[Me4 (RBzo)2
[14]tetraeneN 4 ])n which formed thin films on electrode surfaces.
These films formed on the electrode by constant potential
electrolysis at +1.4 V, cycling from +1.4 to -2.0 V, and cycling
from 0 to +1.4 V vs. SSCE. Films formed on Pt, Au, glassy carbon
and SnO2 surfaces, in acetonitrile, methylene chloride, and
propylene carbonate solutions containing various
tetraalkylammonium salts as electrolytes. The magnitude of film
growth depended on the method of deposition, the solvent, and the
rate of cycling; i.e. five cycles from +1.4 V to -2.0 V vs. SSCE
(at a scanning rate of 200 mV/!) resulted in 124 "monolayers"
forming on a Pt disk electrode in an acetonitrile solution which
was 0.1 M TEAP, 184 "monolayer;" at 50 mv/s, and 12 "monolayers"
in propylene carbonate at 200 nV/s. Film growth was also
dependent on the electrolyte aid the electrode surface. The
modified electrodes, when transferred to neat electrolyte
solutions, continued to exhibit three surface waves. For various
R derivatives, E0 '(l) ranged from 0.71 to 0.70 V, Eo'(2) ranged
from 0.92 to 1.12 V, and Eo ', ranged from -1.2. to -1.84 V vs.
SSCE. E.'(1) and E, ' (2) were, issigned as lig,,nd oxidations,
Eo'(3) as a metal centered re(duction. The surface: of the film
appeared smooth; however, at high(r SEM magniica-ion the ;urface
exhibited a ridged appearance. V~sible and in-fra-ed spect-a
sugge3teJ that the nickel macrocycle remained in -he film; XPS
data indicated that the Ni to N r,!tio was 1:4.

4.2.6 Electrocatalytic CO2 R,-duction

Ox;aiativ electropolymeri:.ation of Ni[Me-3zo [ 4]tet . j4, nG'4J I
r sult, d in :he formation of n; a,)!,, (:lectroch,?mi(_al y act ive
Sins on Gla.;sy carbot (GC) anc a, -um (Pt) ?lectr-des.

M di.fied electrodes exhibited : u, ac,,- bound relox ac't ive Ili I Ii)

c -nter:; wh c:i were caral yti -a L y I(-t ve towars t) luction c:-
C )f to HCO (fornMate) . In cc c , ;mmetric exp r., inents, -h
c talytie: -ci uction was car-i th a GC el :tr-di in .,-

6
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saturted solutions. In the absence of
{Ni[Me 4 Bzo2 [14]tetraeneN 4] 

1 n, negligible current was observed
when scanning from 0.0 to -2.0 V. However, when the same range
was scanned using a GC electrode modified with
(Ni[Me4 Bzo(l4]tetraeneN4])n, and a 30 mV shift in the potential
of the Ni(II/I) surface wave were observed. Formate was
identified, using 13C nuclear magnetic resonance spectroscopy
(NMR), as the main reduction product in controllq potential

electrolysis experiments involving reduction of C0 2 at -1.85 V
at a Pt electrode modified with (Ni[Me4 Bzo 2 [14]tetraeneN 4 ])n"

5.0 METHANOGENIC BACTERIA

5.1 Original Objectives

To characterize certain aspects of the mechanism of
reduction of CO to CH4 by methanogenic bacteria in order to
better develop biomaterials for use in the catalytic reduction of
CO2.

5.2 Progress Made

5.2.1 Summary of Nickel(II) Tetraazaannulene Film
Electrochimistry With Methyl-Coenzyme M (CH3COM)

In an effort to understand the role of F4 3 0 in the last step
of CH3CoM reduction to CoM and CH4, the electrochemical reduction
of CH3CoM was attempted using a nickel(II) tetraazannulene film
surface modified electrode as a model for F4 3 o . The complex
Ni[Me4Bzo2[14]tetraene N4] (NiN4 ) was synthesized and used to
form stable electrochemically active films on glassy carbon
electrodes by an oxidative electro-polymerization mechanism. In
preparation for the proposed experiments with CH3 COM, these film

>I ctrodes were characterized in 2% v/v CH 3 OH in 0. 1 M TEAP/CH3 CN
with the added CH OH both solubilizing the C!i3CoM a :Id also
providing the system with a proton donor for she roiuction of
Cif 3 CDM to CH 4 . Film behavior in 2t v/v CH 3 0I in 0. M TIIAP/CH3 CN
was iulte similar to that in 0.1 M TEAP/CHCh alon, with the
N4i(l/I) reduction couple present.

Cyclic voltammetry control experiment!; :. v C ijo in
0.1] M TEAP/CH]CN indicated that neither CH .C' M or "M wer4
redu.ced at a naked glassy carbon electrode i: the !,aion ,').5 to
-?.0 V (Aq/AgCI) . To determine if CHlCoM an "or ':: won e
rduced at a NiN 4  film electrode, a NIN4  til: ele- ' odl, w.,:- first
cv :leJ in 0.1 1- TEAP/CH3 CN to establish it; -'bad:c nd" : ,-n and N

then ei thr 1 nfV CH 3 CoM or CoM in CII 3OH wa; ,Ide-( ' the (', 1 and
the +0.5 to -2.0 V (Ag/AgCl) region scannE 'i a . S iight.
d: t tern,:' ti the scan appearances were obs. rv lic .4ever, the.
p,.k csri :it ft r the Ni(II/I) couple at -1.7. V .y 'A]l) did n,.t

re a:n, ,.ncj no catalytic: wave was present. An ';__,3 ;o in th.-
Ni ( I /[) I eak cu rrent, catalytic wave wo:.Id ',. *Deeted i.
ite :acti(;n aid elect son transfer hai I occurr, d :1t n th,' nie' :,'l
center an(! the nlur atom of CH 3 CoM. Exper me: hem, at s '.r,

%* %
I
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scan speeds (5 mV/sec), with the NiN4 complex and CH CoM both
free in solution, and the same experiments in DMF with a negative
potential limit of -3.0 V (Ag/AgCl) also indicated that on the
time scale of the CV experiments no interaction was occurring
between CH3 CoM and the NiN 4 film electrode.

To further explore the possibility of a Ni-S interaction on
a slower time scale, a series of controlled potential
electrolysis experiments were done involving NiN 4 film electrodes
alone and with CH CoM in both 0.1 M TEAP/DMF and 2% v/v CH3OH in
0.1 M TEAP/DMF. he electrolysis experiments were monitored for
the presence of CH 3CoM, CoM and also disulfide by both current
and total charge measurements, and also by TLC of aliquots
removed from the electrolysis cell at various times during the
electrolysis. These experiments also showed that CH3 CoM was not
reduced to either CoM or (-SCoM)2 in 0.1 M TEAP/DMF or 2% v/v
CH3OH in 0.1 M TEAP/DMF by either a naked glassy carbon electrode
or a NiN4 film electrode. The electrolysis of CH CoM in 2% v/v
CH OH in 0.1 M TEAP/DMF with NiN 4 complex in solution using a
naked glassy carbon electrode also gave negative results.

It appears that although NiN 4 does share many similar
structural features with F4 3 0 , the pronounced difference in axial
electrophilicity between F4 30 and NiN 4 has prevented the
observation of any interaction between the NiN 4 surface modified
film electrode and CH 3CoM.

5.2.2 Summary of F4 30 Solution Electrochemistry, Alone and
With CH3 CoM and Various Mediators.

F 4 3 ( in the free acid form has been successfully isolated
and puri ied from Methanobacterium thermoautotrophicum, YT
str iin. This isolated F 4 3 0 has been lyophilized and studied
elec-trochemically in 0.1 M TEAP/DMF. At a freshly polished Pt
button electrode, a well resolved Ni I/I) couple was observed
with E1/;) 0.756 V (Ag/AgCl) and E p =150 mV @ a scan rate 20
mV/sec. The appearance of the couple was such that a scan rate
dependence study could be don and the diffusion c(,, 1 '_-ient, D.
:,is found to be 3.6 x 10 - 6 cT/s and the heteroqen(,eus rate
c-)nstant, k,- to be 6.0 x 10 cm/s. The obse-ved F1 /., value is
in aqreemen w'th the published E, / t or the -;teri ', form of
F- 3 0 " At glasiry .arbon and gold E',,:trode:;, Iho o' ctrochemi+:tr-y

F430 was marginal in 0.1 M ':'/~:)'.

The solution electrochemi,try o' F 4 3  in t:, r,,;.:ce ot
Cif COM, CoM an i their two corr,?sp(,nding a cThol.; i1 <XJ9 CH <)}
and ESCH2CH )OH) wa:, also studied a t freahly p), i ihed Pi
electrode in 0.1 r4 1'EAP/DMF. Jonc u the . Idej :p( 2.1 e:; exhih)ite,
any electr-chemistry over the 4-0..) to -I.. V (A:,"i-,C1) reqgion
examined. ;cme di f ferences we:-een in -,' app, i.ance of tie
F43, coupl., with these added c mpoun -is, b :t ther, s !o str)ni
indic ... .. i _)f a cis-finite Ni-S intor,,:tion i.e., no cut-rent
increase? J the ,i (iI 'I) cot.plr- a i i o C. -lyt) w,ve observed).
Exper-im nt , in wl .ch the';e same c, :-1v+:uV : : t: ) :iodify th,.
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Pt surface before performing a cyclic voltammetry experiment with
F4 ?0 were also done, but resulted in no strong evidence for Ni-S
in eraction.

The use of an additional reducing agent or redox mediator in
the F4 3 0CH 3CoM system has also been studied. Dithiothreitol
addition gave no effect in the system. FAD was also introduced
as a mediator both free in solution and through the use of a FAD
surface modified glassy carbon electrode, but again no current
increase was observed in the F4 30 nickel couple in the presence
of CH3CoM and the added FAD.

6.0 A NEW CLASS OF MATERIALS: SYNTHETIC ORGANIC/CERAMIC
COMPOSITES

6.1 Original Objectives. V
1) To determine the particular components of

biological matrices that promote mineralization.
S

2) To determine the influence of the bulk solution on
crystal formation. ,

3) To fabricate hydrogels that will serve as neutral
supports for the biologically active matrix s-

components.

4) To mineralize these hydrogels and determine
physical and mechanical properties.

6.2 Progress Made. %

6.2.1 Studies of Biological Nucleating Agents -

Our first goal was to determine which component(s) of the
macromolecular matrix promotes mineralization in biological
systems so that we could fabricate organic/ceramic materials by
mineralizing special synthetic polymers. Because of our previou-;
experience and the relatively less complex niture of the system,
we used molluscan shell matrix as the biological model.

From our previous research, we knew that molluscan shell
matrix is divided into two fractions; a larger, water insoluble,
hydrophobic fraction and a smaller, water-soluble fraction that-
: pe? ifically binds calcium. The water-soluble fraction is a
poolyanionic, sulfated glycoprotein located at the site of initial
cry:-tal for:mtion. This polyanionic site is localized in the
hylrophobic lom,iin of the insolub Ie_ matrix. It seemed likel',:
tha this p, lyarion has a central role in inducing mineral
for::iation. For the polyanionic fraction to junction in thi-.
manner, it --ist be fi>ed to a ::uif !(.e. In solution, the 5
pol.anion inhibits crystal growth. A similar model of mine-ifl
ind iction i., which ethylene di iminu tetraiceti,: acid (JIDrA) .4as
the anion : ; been described. Wher EIP'A was a},sor.ed onto

,is

I-
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Formvar it induced mineral formation. When EDTA was free in
solution it inhibited mineralization.

We began studies to determine whether the polyanion would
induce mineralization from solutions having a calcium-carbonate
activity product and pH like those of molluscan body fluids and
which did not spontaneously precipitate.

The initial studies were conducted using the matrix from the
nautiloid septal nacre. We decalcified the nacre with low ionic
strength EDTA and 0.5% cetyl pyridinium chloride. From our
previous work we knew that this procedure would fix the polyanion
on the insoluble matrix. The insoluble matrix alone was used as
a control.

Calcium carbonate spherulites were formed on the matrix
surface during the 8-hour incubation period. Infrared analysis
showed that the first deposits were amorphous. With an
additional time (ca 4 hr.) aragonite was present. When the
calcium activity of the solution was tripled, more numerous
acicular and blade-like crystallites were induced on the surface.
Some typical calcite crystals were also deposited. Mineral
induction was not observed in the absence of the matrix nor when
the insoluble matrix alone was incubated in the solutions. These
results show that the polyanionic glycoprote in from molluscan
shell induces mineral formation, but only when it is attached to
the insoluble matrix.

These initial studies were made only in the early stages of
mineralizaiton, and they were conducted under essentially
constant composition conditions in that we did not detect a
change in either the calcium or carbonate concentrations. This
approach was adopted to ascertain the function of the polyanionic
glycoprotein in the induction of mineral deposition.

Our next experimental approach was to determine if the
molluscan glycoprotein could induce mineral formation when it was
attached to other insoluble substrates, such as synthetic
iydrogels. In these studies we coupled tho polyanionic protein
tq well-defined synthetic polymers, commer-i,ally available
hVd.-ojels. We also used a phosphate rather than a --arbonate
_;ystem for these studies beciuse the anion is easier to control,
;ince it does not exchange with th,: atmosphere, and because
.)',osphate ceramics will have greater appli,'ability than

%or these experiments we coupled ':he .,olyanionic
:J.w_-roein iso ate d form mollusc in shell w:ith glutaraldehyde o

'. yl imide beads. This madifi. I matrix induced calcium
1 ate formation onto the bead:- frc: so Ut ions, that do not

nceunisly procipitate. wi th l ngc - ir. u),ition:; and a
,i-uous suppl'i o. calcium ,nd plosy iatc a s olid mass o1

•i -r r,: 1 tnd bead-; i-s form A']. In the c irl Lrt ige:;, Ihe mol.ir

V.
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calcium/phosphate ratio in the deposited mineral is 1.2. This
ratio increases to 1.5 with further mineral deposition.

The studies described thus far were designed to achieve
mineral formation on the surfaces of natural and synthetic
matrices. The question arose as to whether a sufficient supply
of lattice ions could diffuse into the internal domains of
hydrogels to form highly mineralized composites. This question
was addressed directly by determining whether a hydrogel
containing a ceramic filler can induce further mineralization.
For these experiments polyhydroxyethyl methacrylate (polyHEMA)
containing a fine calcium phosphate filler (40%) was incubated in
the mineralizing solution. Additional mineral (up to 80%) was
deposited in these filled hydrogels. These experiments indicate
that a sufficient supply of lattice ions can diffuse into the
hydrogels to form highly mineralized composites.

In summary, we have identified the soluble, calcium binding,
sulfated glycoprotein as the matrix component that induced
mineral formation when it is immobilized. This mineralization is
effected whether the glycoprotein is attached to the insoluble
fraction of the shell matrix or to synthetic hydrogels. We have
also shown that lattice ions can diffuse into hydrogels at a rate
sufficient for the mineralization of the hydrogel.

6.2.2 Hydrogels

Polyvinyl pyrrolidone (PVP) is biocompatible and provides
gels which contain as much as several thousand percent water.
Therefore, these gels are good candidates as matrices for
biological mineralizing agents. In the limit of high
mineralization, they might provide cpramic material with small
Amounts ot residual polymer sufficient to limit crack growth and,
thereby, brittle fracture. However, a disadvantage of PVP
hydrogels is their mechanical weakness which mtkes handling
difficult or impractical. For this reason, a m,_jor objoctive was
to make highly swollen PVP hydrogeln of inc-ea-,d :;tren(Ith. Some
imp rovemo-t can be affected by covalent cros iking, bu, this is
limited Ly increasing brittleness with incrt,,.; g 'oncer- rations
of cross;links. In some other hydroqels it ha:; seen foun! that
mechanitra I properties can be improved by cont- r- ot che2 .:-l
(covalcrt and physical (e.pecially hydropholi. crossli'-.ing.
It was poanted out that small clusters of hydio:,hobic q!,, )ips n a
predom'.n.v:'tly hydrophilic network ma y serve ta, increas,' _)ad
bearin: v.t with avoidance of the c:':br tt em,*n" ca<ised v
carb('n -! Dms] inks.

Tie hydrophobic monom,,r:; chosci for -opol-mer; zat i wit!
riny ,yrrolidone (VIP) w( r', mkthyIl i)ethac rylat, anl m(.': 'I,'
1cry a' e; tet raethylene ci yc31 dime' hacrylate (TEGMD) .,-.I
intr ,diQ-e, a! a covaient croasinke .

i,:drr je s were prep.r,,-3 by gam;a- irr idiat'cn M i ,u ,uS
olu' jrs. '!'EGMD had only t low crssi i<King I fibie.'y but
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served to prevent phase separation, giving hydrogels of improved
optical clarity and mechanical strength. As expected, inclusion
of the hydrophobic monomers did improve strength over hydrogels
prepared from just VP and TEGMD. A marked difference from
ordinary hydrogels was in the occurrence of a yield strength.
Hydrogels generally conform simply to the theory of rubber
elasticity without a yielding phenomenon. Presumably in the VP
copolymer hydrogels the stress is concentrated on physical
(hydrophobic domain) crosslinks which eventually yield instead of
giving rise to large unrelieved stress concentrations which
result in fracture.

Information about the structure of VP copolymer hydrogels
was deduced from measurements of glass transition temperatures,
T using a differential scanning calorimeter (DSC). Microphase
separation could be detected by the occurrence of two values of
T in a single sample and compositions analyzed quantitatively
u~ing a copolymer equation. By this means it was demonstrated
that the best limit, microphase separation. A fuller account of
work on VP copolymer hydrogels is given in an accompanying
reprint.

For some purposes it would be desirable to be able to
prepare VP copolymer hydrogels by methods other than by gamma-
irradiation. A wide range of other free radical techniques were
tried but without success. At present it appears that high
energy irradiation is unique in yielding satisfactory products.
This distinction is potentially important but Ls being checked
further. In the past there have been too many premature reports
of results unique to high energy irradiation.

Hydrogels made from VP present some problems in respect of
efficient entrapment of nucleators of mineralizaiton. These
problems may be illustrated by analogous problems reported in
previous studies of enzyme immobilization. When immobilization
was effected by physical entrapment, i.e. without covalnt
binding, the enzyme suffered loss of activity during radiation
polymerization. When covalent binding was u:sed it was necessary
to introduce suitably reactive tunctional g;roups by
copolymerization plus post-polymerization chemical mod i ications.

A simple approach to the introluction , potfnt .tl c,)val. ft
binding sit!s is to copolymerize VP with vr-ious mon,,nes which
also yield biocompatible polymers, :such as vrox'etlh' "I
methacrylat, (HEMA). Poly-HEMA hyd roe is wel] k ,
especially *rom their use in contic! lens.. .:I th, [) ,' ,nt wo*:.
studies wer. made of hydroqels pr, lrd 1ii,,' foim in " ) onC or
wi h TEGMD :s cross I inker. The hvd:,,e sT : e mIe ; a rm,.-

ir: idiatior; of aquec:us solutions '/, wate! I . Di< , i e, o1
thise hydr( :els showed part o1 th,2 iter to le fi-e : IC ,: t 9

be bound, I agreemnnt with previot. s work. his 'Y; o'" ,]r
shoul,] b- t;.. in diatgnosinq wh)t :)r inin.r-Ii zat ioy [ur ; II
?h fre- er zone
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One of the methods to be used to monitor the effect of
mineralization of hydrogels on mechanical properties is by
dynamic mechanical analysis (DMA). Preliminary analyses of
unmineralized hydrogel controls (made from HEMA: 43% water)
revealed a glass transition near -140 0 C. In contrast, dehydrated
specimens (xerogels) had no transition near this temperature.
The transition was attributed to vitrification of water, by
comparison with reports that, from extrapolation of data on
aqueous solutions, Tg = -137 +l0 C for water.

Although the crystallizaiton of water can be prevented in
very confined spaces on cooling, e.g. between sheets of glass
separated at <1 Am, it is believed that vitrification of water is
only to be expected at extremely high rates of cooling.
Therefore, the present claim of vitrification is surprising.
Other workers have interpreted similar observations on
protein/water systems as an interfacial water phenomenon. An
important factor in any interpretation is in a correct assignment
of a value of T Most workers in DMA characterization assign a
value by reference to the temperature at which there is a maximal
mechanical loss (tan delta). However a case has been made, in
studies of hydrophobic crosslinked networks, that it is more
appropriate to assign Tg by reference to the thermal dependence
of moduls of elasticity. The main justification for this
procedure is that it gives T values in better agreement with
values obtained by more convgntial assignments of the temperature
dependence of thermal expansion.

Further evidence was given to the vitrification hypothesis
by showing that gels prepared using glycerol, in place of water,
vitrified at -80 C. This is the same value, as detected by DSC,
for vitrification of glycerol alone.

Values of T Estimated for Glycerol Gels

e .. d DMA I C

'' tan d lt,'  2
rg, 'C -6'- 0
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;yr' Ioe;j'In Eerrc -e)c~ ''perties of It(II) 5, ',1?, 14-
in'~1:~ncL , I,4 11 ]Tetrazafr I,' )pnnulene: F.i(ctors

At: -t i 1. F -_troI), 1y:-.r i ,t; ion Rates, Paiul fluchge!;an iano I R. D.
I fl Cl ;ubmitted.

1ca: l,--mm carbonate by .nolluscin ti tri>:.
1,~ D. C 1, ).,1, nd M.A. Crfonh !w, Am-r ,-in

1- n hy ir Iny prolI i d o le po --r'. ;,1 T
Ti h wao I- zf ,q I ci 1) 1 . .,1c ~ oy ~
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Mineral induction by the soluble matrix from molluscan shells,
E.M. Greenfield, and M.A. Crenshaw, In R.E. Crick (ed.)
Evolution of Ocean Biochemistry and Its Significance to
Biomineralization. Elsevier, Amsterdam, in press, 1988.

In Vitro Mineral Induction by Soluble matrix from Molluscan
Shells, E.M. Greenfield, E.M. Ph.D. Thesis in Marine Sciences,
University of North Carolina at Chapel Hill, 1987.

The Synthesis, X-ray Crystal Structure and Solution
Characterization of Bis(diphosphine) Bridged Di-Rhodium(I)
Complex Containing a Rh 2 P4 Six-Membered Ring, A.L. Crumbliss,
R.J. Topping, J. Szewczyk, A.T. McPhail and L.D. Quin, J. Chem
Soc. Dalton Transactions, 1895 (1986).

Retention of Phosphours Configuration on forming
Irontetracarbonyl Complexes with Phosphines in the 9-
Phosphabicyclo[4.2.1] nonatriene and 7-Phosphanorbornene Systems,
A.L. Crumbliss, R.J. Topping and L.D. Quin, Tetrahedron Letters,
27, 889 (1986).

Preparation and Activity of Carbonic Anhydrase Immobilized on

Porlis Silica Beads and Graphite Rods, A.L. Crmbliss, K.L.
McLachlan, J.P. O'Daly, and R.W. Henkens, Biotechnology and
Bioengineering, accepted for publication.

The Activity of Carbonic Anhydrase Immobilized on Porous Silica
Beads in Aqueous/Organic Solvents, J.P. O'Daly, A.L. Crumbliss,
and R.W. Henkens, Biotechnp1.-jy and Bioen ineering, submitted tor
publication.

The Influence of Rigid Cyc i2- Phosphine Ligands In Cis-Rh-
(COD) (Phosphine) 2 + On Inne -'ordinC Ion :'htll Dynamics And
Catalyzed Olefin Hydrogena- n/Isome,-izat~on, R.J. Topping, L.V.
Quin, and A.L. Crumbliss, )Cg. Cht,,. , ii preparation.

The In: luence of Substitue: Effect-; anI :;tr- ochemi-:;try On th,
Magnitude of Internuclear :plings Within ),rivatiz',
Organophosphines", R.J. T( ng, L.). Q;njn, an! A.L. Cru,b1 i;s,
J.- Maq.es., in prep rati

Dynimic 3 C NMR Inve-,tiga .  -s of Subst rat, Icrirt. :on ini
Catalysis by Cobalt( I) Hui 2 Carbonic Anhy* its L .J. W}
and R.W. Henkens, :ii,)chemi y, 24, 24 ' (I CY)

Active Site Format .oii in t I,Ist St1(aq , o. )i I W CA, 1
Anhydri.,, R.W. F .n, ens, i. Cre ver .. d ).,. : fey, ,
Port. yuim,, 27, 1 , (1985.

The Ra'_.,. of Fast ,e !itior, )t (, -b(n D) iox t- .m t -ii "arbon t
Hluman r.throcyt, -  M.. isur e C , -ib n-i N ' :, D. W. H finrIn
P.W. I. "-,:ens, Bioci-. Bic, Iec. ,Irnmu. 1.; 6 (19F/
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C-13 NMR Studies on The Active Site Structure and Kinetics of
Human Carbonic Anhydrase I, R.W. Henkens, S.P. Merrill, and T.J.
Williams, Ann. N.Y. Acad. Sci. 429, 143 (1984).

Mussel Glue Protein Has An Open Confermation, K. Marumo, H.H.
Waite, R.W. Henkens, and T.J. Williams, Biochemistry, submitted.

Biologically Formed Composites, M. Crenshaw, Materials Research
Society Symposium in Ceramics, Materials Research Soc. PA, 1988.

Phosphate Mineral Formation on Immobilized Matrix Proteins, A.
Lussi, A. Linde, and M.A. Crenshaw, Calcified Tissue
International, submitted for publication.

Induction and Inhibition of Hydroxyapetite Formation by Dentin
Fossil Protein, A. Lussi, A. Linde, and M.A. Crenshaw, Arch Oral
Biology, submitted for publication.

Mineral Induction by Immobilized Polyanionic Matrix Proteins,
M.A. Crenshaw, A. Lussi, and A. Linde, Nature, Submitted for
publ icat ion.

7.2 Oral Presentations

Coordination Chemistry of Ni(II) Tetraazaannules, Cynthia L.
Bailey and R.D. Bereman, National ACS Meeting, August, 1984.

Comparative Redox Properties of Cobalt(II), Nickel(II), and
Copper(II) Tetraazaannulene Complexes. Cynthia Bailey and R.D.
Bereman, Southeastern Regional ACS Mc-eting, 1984.

Coordination of Diamines to Bis-(1, 3-Diphon.'i -l,3-
Propanato) Nickel (II) , R.P. Hotz, S. T. Purr i:ton, and R.D.
Bereman, ,;outheastern Regional AC- Met i ;, 1'184.

Oxidation Elec-ropolyrerization ot ()Nckel >*traazaann,..ene
Complexe!,: PropertieE7 of :3urfac f* iti: wcctrodes, C.L.
Bailey, P. D. Bereman, D. P. Riller i, qd }. 'o, 'ak, 198 rES
Symposiu-, Purdue Univ-r:; ity.

:;ynthesi!, of thto Nickr, : I) Complex 1 1,. I ";sive i. wd:
,,8, 15,1 -T-triphenyl [1 i j-[ 1, 4, ,,: icyc I 'vi''c ",
!..P. Hiot. ".T. Purri ;f n, and <1). C S

inture, P"k,' 'tniver: i" , April 1i, .

:;ynti.esi,. id -haratei i. :tion of 1 : , / , 14-
tc:t. rmeth,. I iihenzo[lb, 1,4,8,11] . i nnu

ir:qea n (-' R .Be re.- , Soi thn ast- n DT ACS ' -1- .111

M i I usciti ie. 1 Format i n, M.A. ( ro, hnr .. :;r. : mci.
[r i,?rtet ," , M.A. ('r( n- haw, C tI it i i 1 ,, 1 31r.",I
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In Vitro Crystal Induction by Molluscan Nacreous Matrix, M.A.
Crenshaw, and E.M. Greenfield, Invited paper. Carnegie
Institution of Washington Conference on Biomineralization
Processes and the Fossil Record, Arlie, Virginia, April, 1985.

Biomolecular Engineering Materials Applications. M.A. Crenshaw,
Invited paper, Carolina Conference on Marine Biotechnology,
Rougemont, NC, April 1985.

The Molluscan Nacreous Layer as a Model for Biomineralization,
M.A. Crenshaw, Invited paper, Gordon Research Conference on
Bones and Teeth, Meriden, NH, July, 1985.

Macromolecular Matrix Control of Biomineralization, M.A.
Crenshaw, and D.T. Turner, Invited paper, Symposium on the I

Chemistry of Contemporary Technological Problems. Control of
Chemical Processes by Molecular Morphology. American Chemical
Society Annual Meeting, New York, NY, April, 1986

Crystal Initiation by Molluscan Shell Matrix Proteins, M.A.
Crenshaw, and E.M. Greenfield, Invited paper, Symposium on
Autocatalysis in Physical, Chemical and Biological Systems.
American Chemical Society Annual Meeting, 1 New York, NY, April,
1986.

Mineral Induction by Molluscan Shell Soluble Matrix from
Solutions Containing Ion Activities Similar to Extrapallial
Fluid, E.M. Greenfield, and E.M. Crenshaw, Invited paper, Fifth
International Symposium on Biomineralization, University of Trexas
eit Arlington, Texas, May, 1986

;'he Synthesis and Characterization of a Bis-Diphosphine Bric ;ed
irhodium(T) Complex Containing a Rh P4 Ring System, R.J.

T:opping, A.I.. Crumbliss, A.T. McPhaif, L. P. Quin, and J.
zerwczyk, 16th Sotithereastprn Regional ACS Meeting, October,
984.

.,trainvli -eroy,-ic Phosphine Complexes of the Type Ph(C,)D )L
ind Fe(--C*.P. Topping, A.L. Crumbliss and 1-1). QUin, 191s

.'ationii' tin , Av'rican chemical ,,ociety, April IfV

carolira 1r ' iicel, 0ctronics,, Q'liail 1 Roo-,T conf( -''nc
('enter, I N. . ,Ccober, l 'Th)

Plreparit ;.-t %itv of Carbon ic Anhydra-;- Immobil i.:ec -,

not 4a-i :>S.pp rt Ma-erial.-, A .Cr~imb1iis, 12. L.
M -La :h a ,[, .! C P y, and r. W. Hierlkcns, 38th S: Dtthe~i .-. Pf Ofl 1
Mv et in if r ir Cth*-mi'al I Sow iety , Nlovember, 19 36.
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V.

Activity of Immobilized Carbonic Anhydrase in Aqueous/Organic b
media, A.L. Crumbliss, J.P. O'Daly and R.W. Henkens, 38th
Southeast Regional Meeting, American Chemical Society, November A
1986.

Rates of Fast Reactions of CO and HCO3 in Human Erythrocytes
Measured by C-13 NMR, D.W. Hoffman and R.W. Henkens, Third
International Symposium on Structure and Dynamics in
Biomolecules, Riva Del Giarda, Italy, 1986.

Dynamic C-13 NMR of Catalysis by Cobalt(II) Carbonic Anhydrase,
R.W. Henkens and T.J. Williams, Second International Symposium on
Structure and Dynamics in Biomolecules, Rome, Italy, 1984. S

Active Site Formation in the Last Stages of Folding of Carbonic -
Anhydrase, R.W. Henkens, K.H. Grover, R.A. Sheffey and T.J.
Williams, Second Internatioanl Conference on Bioinorganic
Chemistry, Algrave, Portugal, 1985.

Characterizatfon of "Randomly Coiled" Denatured Carbonic
Anhydrase by H NMR, T.P. Oleksiak and R.W. Henkens, S.E.
magnetic Resonance Conference, Research Triangle Park, N.-C. 1987.

Carbon-13 NMR Study of CO2 and HCO 3 Dynamics in Human and Llamer
Erythrocytes, D.W. henkens, S.E. Magnetic Resonance Conference,
Research Triangle Park, N.C. 1987. M

Evidence that Mussel Glue Protein Has An Open Confermation, T.J.
Williams, H.H. Waite, R.W. Henkens, and K. Marumo, FASEB
Conference, 1988. "
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8.0 LIST OF NORTH CAROLINA BIOMOLECULAR ENGINEERING AND MATERIAL
APPLICATIONS CENTER (NC-BEMAC) PRINCIPAL INVESTIGATORS

Dr. Robert D. Bereman, Professor of Chemistry, North Carolina
State University; bioinorganic chemistry, electrochemistry,
synthetic chemistry and model systems.

Dr. Miles A. Crenshaw, Professor of Pedodontics and Marine
Sciences, University of North Carolina at Chapel Hill;
biochemistry of marine organisms, principally extracellular
macromolecules, biomineralization and biocomposites.

Dr. Alvin L. Crumbliss, Professor of Chemistry, Duke University;
bioinorganic chemistry, kinetics and mechanisms of transition
metal complex reactions, metal-specific chelators, redox proteins
and metal-containg plasma polymers.

Dr. Robert W. Henkens, Associate Professor of Chemistry and
Associate Professor of Biochemical Engineering, Duke University;
Chairman, Enzyme Technology Research Group, Inc.; biophysical
chemistry of proteins, including technological development of
immbilized enzyme systems.

Dr. D. Paul Rillema, Professor of Chemistry, University of North
Carolina at Charlotte; inorganic chemistry, electrochemistry and
electrocatalysis, kinetics and mechanisms, photochemistry, and
photoelectron transfer processes.

Dr. James N. Siedow, Professor of Botany, Duke University; plant
biochemistry, enzyme kinetics and redox proteins.

Dr. Derek T. Turner, Professor of Oral Biology, Biomaterials
Group, University ol Northi Carolina at Chapel Hill; material.;
science, polymer chemistry and physics, and composite materi.i]s.

Dr. Carol C. Whi.mant, Research Immunolugist, Research Trianile
Institute; immunology, macromolecular interictions with sur., ces,
and monoclonal antilcolies.

9.0 GRADUATE STUDENTS

Cynthia kai l1v-, Ph.D. , 19'6, NCSU

Rich~ir }{otz, Ph. D. , ) 1 8 , 1 LJ;

Paul I{chv'e'ang, Ph.D. , c ]i d (',ite, NC;'!7

pP d ad,(1ne,1987) S' ;.4ri ~ nt

Ewt"i M (;r-(':! .'3, Ph.' , ',y :, V C-:'Ii, ?Ui , irl,
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Douglas C. Wilson, Ph.D., expected May 1988, UNC-CH, S
Chemistry

Karen McLachlan, Ph.D., candidate, Duke %

Robert J. Topping, Ph.D., 1987, Duke V

John O'Daly, Ph.D., 1987, Duke

David Hoffman, Ph.D., 1986, Duke

Kathy Groover, Ph.D., 1986, Duke

Nandini Tanden, Ph.D. candidate, Duke
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